OBJECTIVE -To test the hypothesis that lower vital capacity is cross-sectionally associated with features of insulin resistance and is an independent predictor of incident type 2 diabetes.
I
mpaired lung function has attracted growing interest as a potentially novel risk factor for glucose intolerance (1, 2) , insulin resistance (3), and type 2 diabetes (4, 5, 25) . Possible mechanisms for the hypothesized link include direct effects of hypoxemia on glucose and insulin regulation (2, 6) , lung-related inflammatory mediators and their effects on insulin signaling (1, 7, 8) , and adverse early-life exposures and their effects on organ development (9, 10) . Cross-sectional studies (11) (12) (13) (14) have consistently shown that adults with diabetes have lower vital capacity than their nondiabetic counterparts, but such studies cannot establish temporal sequence. Prospective studies have tentatively identified lower vital capacity as a predictor of hyperinsulinemia (3) and type 2 diabetes (4,5,25) but have had limitations related to sample size and availability of diabetes-related data. We therefore analyzed longitudinal data from the Atherosclerosis Risk in Communities (ARIC) study, a biracial communitybased study of 15,792 middle-aged adults, to test the hypothesis that lower lung function, as indicated by lower vital capacity, is cross-sectionally associated with features of insulin resistance and is an independent predictor of incident type 2 diabetes.
RESEARCH DESIGN AND METHODS -
The ARIC study is an on-going, prospective cohort study designed to assess subclinical and clinical atherosclerosis in a cohort of adults aged 45-64 years, selected using probability sampling from the following four U.S. communities: Forsyth County, NC; Jackson, MS; the northwest suburbs of Minneapolis, MN; and Washington County, MD. By design, the Jackson site exclusively recruited African Americans, thereby accounting for 90% of African Americans in the study. Most of the remaining African Americans came from the Forsyth County cohort. The sampling procedure and methods used in the ARIC study have been previously described (15) . The current study was based on 9-year follow-up data that included a baseline visit from 1987 through 1989 and three follow-up clinic visits scheduled 3 years apart. Of participants still alive at the time of the scheduled visits, response rates for the second, third, and fourth follow-ups were 93, 86, and 81%, respectively.
For the current analysis, individuals were excluded based on the following criteria: ethnicity other than black or white (n ϭ 48), preexisting diabetes at baseline (n ϭ 1,867), missing data on spirometry or diabetes status at baseline (n ϭ 192), no follow-up or with incomplete incident diabetes information (n ϭ 873), missing data on relevant baseline covariates (n ϭ 231), or self-reported asthma or chronic lung diseases (n ϭ 1,102). The final study sample consisted of 11,479 adults without diabetes at baseline.
Spirometry
At the baseline visit, pulmonary function was assessed using a water- 
Incident type 2 diabetes
Individuals were classified as having diabetes if any of the following criteria, adapted from 1997 American Diabetes Association criteria, were met: fasting glucose level of at least 7.0 mmol/l (126 mg/ dl) (90%), nonfasting glucose level of at least 11.1 mmol/l (200 mg/l) (1%), current use of antidiabetic medication (1%), or a positive response to the question "Has a doctor ever told you that you had diabetes (sugar in the blood)?" (8%). Persons classified as having diabetes at baseline were excluded.
Other baseline variables
The definitions and methods used for other baseline measurements (age, race, education level, cigarette smoking status and pack-years, sport activity index, blood pressure, parental history of diabetes, height, BMI, waist and hip circumferences, HDL cholesterol, triglycerides, glucose, insulin, white blood cell count, and fibrinogen) have been previously reported (7, 18) . C-reactive protein was assessed in a subgroup of 581 incident cases of type 2 diabetes and a comparison cohort of 572 noncases (19) . Birth weight was self-reported at the fourth scheduled follow-up. If participants did not know their birth weights, they were asked to report birth weight categories: low (Ͻ5 1/2 lb), medium (5 1/2 to 9 lb), or high (Ͼ9 lb).
Data analysis
Predicted FVC and FEV 1 were calculated by the ARIC Data Coordinating Center using the equations developed by Crapo, Morris, and Gardner (20) in nonsmokers that included age, sex, height, and race. Before analysis, crude data on FVC and FEV 1 were divided by predicted FVC and FEV 1 , respectively, to yield FVC (% predicted) and FEV 1 (% predicted). Because lung capacity differs dramatically in men and women, all analyses were stratified by sex. Distributions of FVC (% predicted) and FEV 1 (% predicted) were approximately normal and were categorized into sex-specific quartiles. Highest quartiles were used as reference groups. Means and frequencies of potential confounders assessed at the baseline visit were determined for each quartile of FVC (% predicted) and FEV 1 (% predicted). ANOVA and 2 analysis were used to assess the statistical significance of the differences across quartiles.
To determine associations between vital capacity and features of the insulin resistance syndrome, a series of crosssectional analyses were performed using data at baseline among nondiabetic participants. The relation between quartiles of FVC (% predicted) and FEV 1 (% pre- dicted) and fasting insulin, fasting glucose, total triglycerides, HDL cholesterol, systolic blood pressure (SBP), and diastolic blood pressure (DBP) were assessed by using linear regression models, after adjustment for confounding factors including age, race, pack-years of smoking, waist circumference, sport activity index (scale one [lowest] to five [highest]), and ARIC center. Incidence rates of diabetes were calculated for each quartile of FVC (% predicted) and FEV 1 (% predicted) using a person-years approach. For participants without diabetes, person-years were calculated from baseline to the last visit date. Incident cases were assumed to have occurred at the midpoint between the last visit at which diabetes was found to be absent and the first visit at which diabetes was found to be present.
Time to incident diabetes was assessed by quartiles of FVC (% predicted) and FEV 1 (% predicted) using survival analysis. Cox proportional hazards models were used for the multivariable analysis when the data met the proportionality assumption implicit in the models. Relative hazard ratios were used to compare the risk of incident diabetes in lower three versus the highest quartile of FVC (% predicted) and FEV 1 (% predicted) after adjustment for confounding factors. To minimize the possibility of residual confounding secondary to smoking, multivariable analyses were repeated in never-smokers. Additional multivariable analyses were performed to investigate the roles of inflammatory markers and low birth weight as potential confounders. All tests of significance were twotailed, with an ␣ level of 0.05. All analyses were performed using SAS (Cary, NC) statistical software package (version 8.01).
RESULTS

Baseline characteristics and crosssectional associations
Baseline characteristics for men and women are shown in Table 1 by quartiles of FVC (% predicted). In both groups, individuals with lower FVC (% predicted) were significantly more likely to be African American, older, and less educated; to have smoked more cigarettes; to be less physically active; to have higher BMI, waist circumference, and waist-to-hip ratio; were more likely to have metabolic syndrome; and to have higher blood levels of white cell counts and fibrinogen. As expected, adults with low FVC (% predicted) also tended to have low FVC and FEV 1 .
To determine whether a lower vital capacity was associated at baseline with features of the insulin resistance syndrome, cross-sectional analyses were performed (Table 2 ). In men and women, lower FVC (% predicted) was independently associated with higher fasting glucose, insulin, and triglycerides; higher SBP; and lower HDL cholesterol. There was no association between FVC (% predicted) and DBP.
Incident type 2 diabetes During 9 years of follow-up, 673 men and 673 women developed type 2 diabetes. In both groups, there were graded inverse relationships between FVC (% predicted) and incidence rates of type 2 diabetes. In men, diabetes incidence rose from 11.3 per 1,000 person-years in the highest FVC (% predicted) quartile to 28.3 per 1,000 person-years in the lowest FVC (% predicted) quartile, corresponding to an age-and race-adjusted relative risk of 2.4 (95% CI 1.9 -3.0). In women, diabetes incidence rose from 7.9 per 1,000 personyears in the highest FVC (% predicted) quartile to 22.9 per 1,000 person-years in the lowest FVC (% predicted) quartile, corresponding to an age-and raceadjusted relative risk of 2.5 (2.0 -3.2).
Multivariable analyses of FVC (% predicted)
In multivariable analyses using the Cox proportional hazards models, the significant graded inverse association between FVC (% predicted) and incidence of diabetes persisted in both men and women after adjustment for age, race, pack-years of smoking, waist circumference, sport activity index, and ARIC center (Figs. 1A and C). Compared with individuals in the highest quartile of FVC (% predicted), the adjusted hazard ratio (95% CI) of diabetes in individuals in the lowest quartile was 1.6 (1.3-2.0) in men and 1.7 (1.3-2.1) in women. Additional adjustment for presence of the metabolic syndrome attenuated the association slightly: compared with their counterparts in the highest quartile of FVC (% predicted), men and women in the lowest quartile of FVC (% predicted) remained 1.4-fold (95% CI 1.1-1.8) and 1.5-fold (1.2-1.9) more likely to develop type 2 diabetes, respectively. Adjustment for fasting glucose, homeostasis model assessment of insulin resistance, and SBP rather than metabolic syndrome produced a similar attenuation: compared with their counterparts in the highest quartile of FVC (% predicted), men and women in the lowest quartile of FVC (% predicted) were 1.3-fold (1.0 -1.7) and 1.4-fold (1.1-1.8) more likely to develop type 2 diabetes, respectively.
To minimize the possibility of residual confounding due to cigarette smoking, analyses were repeated after restricting the sample to adults who never smoked (Figs. 1B and D) . In both men and women who never smoked, the associations were stronger than in the full population: men and women in the lowest quartile of FVC (% predicted) had 1.9-fold (95% CI 1.2-3.0) and 1.9-fold (1.4 -2.6) risk of developing type 2 diabetes, respectively, compared with the individuals in the highest quartiles of FVC (% predicted).
Subsidiary analyses
To investigate the relationship of FVC (% predicted) to other emerging predictors of diabetes risk, we conducted subsidiary analyses in the full cohort (smokers and nonsmokers). First, to determine whether FVC-related differences in inflammatory markers might help explain the relationship of lower FVC (% predicted) to diabetes risk, we performed additional analyses after introducing white cell count and plasma fibrinogen concentration into multivariable models that already included age, race, waist circumference, smoking, sport activity index, and ARIC center. In a case-cohort subgroup of 1,153 participants, we additionally adjusted for C-reactive protein. In neither analysis did adjustment for inflammatory markers influence associations between lower FVC and incident type 2 diabetes. For example, in men in the case-cohort subgroup, the fully adjusted hazard ratios (95% CI) of incident diabetes in the third, second, and first (lowest) quartile of FVC (% predicted) compared with those in the fourth (highest) quartile were 1.3 (0.7-2.7), 1.4 (0.6 -2.8), and 2.1 (1.1-3.9), respectively (P for trend ϭ 0.04, data not shown).
Second, in a subset of individuals for whom data on birth weight or birth weight categories were available (ϳ80%), we conducted analyses to determine A) the relationship of low birth weight with low FVC (% predicted) and B) the extent to which the FVC (% predicted)-diabetes association was explained by low birth weight. In multivariable analyses that adjusted for age and race, FVC (% predicted) was positively correlated with birth weight in men (␤ coefficient ϭ 0.5% per lb, P ϭ 0.007) but not in women (␤ coefficient ϭ Ϫ0.1% per lb, P ϭ 0.47). The relationship of FVC (% predicted) to incident diabetes was largely independent of low birth weight. In multivariable analyses that included both FVC (% predicted) and low birth weight, as well as age, race, waist circumference, pack-years of smoking, sport index, and ARIC center, low FVC (% predicted) remained significantly associated with diabetes risk in a graded fashion: in these models, men and women in the lowest quartiles of FVC (% predicted) remained 1.7-fold (95% CI 1.3-2.1) and 1.7-fold (1.3-2.2) more likely to develop type 2 diabetes, respectively, than their counterparts in the highest quartiles of FVC (% predicted).
FEV 1 (% predicted) and incident type 2 diabetes When FEV 1 (% predicted) was used as an indicator of lung function, similar patterns of results were obtained. For example, in multivariable models adjusting for age, race, waist circumference, pack-years of smoking, sport index, and ARIC center, compared with their counterparts in the highest quartile of FEV 1 (% predicted), men in the lowest quartile were 1.7-fold (95%CI 1.3-2.1) as likely to develop type 2 diabetes, and women in the lowest quartile were 1.5-fold (1.1-1.9) as likely. In contrast, there was no association between the ratio of FEV 1 to FVC and the subsequent risk of incident diabetes in either men or women (data not shown).
CONCLUSIONS -In this prospective study of middle-aged men and women without known lung disease, lower vital capacity predicted the subsequent development of type 2 diabetes. The association was graded, was independent of a variety of potentially confounding factors, was stronger in never smokers, and was similar in magnitude to well-established diabetes risk factors like physical inactivity and family history of diabetes (21, 22) . It also appeared to be specific to vital capacity, since the ratio of FEV 1 to FVC, an indicator of obstructive airways disease, was not at all related to diabetes risk. Moreover, adults with lower FVC (% predicted) had many features of insulin resistance at baseline, including higher blood levels of glucose, insulin, and triglycerides; lower HDL cholesterol; and higher SBP.
Our results are generally consistent with previous prospective studies on lung function and the subsequent occurrence of diabetes and related conditions. In 1,050 initially nondiabetic healthy male veterans in the Normative Aging Study, Lazarus, Sparrow, and Weiss (3) found that lower FVC, lower FEV 1 , and lower maximal midexpiratory flow rate at baseline predicted hyperinsulinemia and estimated insulin resistance over 20 years of follow-up, independent of age, adiposity, and smoking. In a Swedish study (23) of 4,637 nondiabetic middle-aged men, baseline mean vital capacity was 10% lower among 116 men who developed diabetes during 6-years follow-up than those who did not develop diabetes. More recently, Engstrom et al. (4) reported on 382 initially nondiabetic Swedish men born in 1914 who underwent spirometry at age 55 years. In this cohort, low FVC and FEV 1 predicted the presence of diabetes at follow-up 13 years later, independent of adiposity and weight gain. However, the use of urine test strips to screen for diabetes at baseline raises concern about the possible inclusion of adults with preexisting diabetes into the inception cohort. Later on, Engstrom et al. (5) confirmed this finding in a larger cohort of Swedish men and women. This study also found incidence of cardiovascular diseases was significantly increased among subjects with low FVC (% predicted) who had developed insulin resistance. This observation suggested insulin resistance may be a mediator between low FVC (% predicted) and cardiovascular disease, which has been noted previously (24) . Finally, Ford and Mannino (25) reported that FVC and FEV 1 but not the ratio of FEV 1 to FVC were significantly and inversely associated with the incidence of diabetes in the National Health and Nutrition Examination Survey Epidemiologic Follow-Up Study. That study also found that restrictive lung disease was significantly associated with the incidence of diabetes but not obstructive lung disease. Nevertheless, the above studies were limited to whites (4, 5, 23) , used nonstandard spirometry methods (5,25), or had a relatively small number of incident cases, which precluded extensive simultaneous adjustment for potential confounders (4, 5, 23) .
One possible explanation for the link between low vital capacity and diabetes risk is related to hypoxemia-induced insulin resistance. Experimental hypoxia produces insulin resistance and hyperinsulinemia in animals (26, 27) . In humans, lower vital capacity can be associated with lower oxygen saturation at rest with further worsening with exertion (28). Moreover, exposure to altitude hypoxia (2) or hypobaric hypoxia (6) can reduce insulin sensitivity and predispose to the development of type 2 diabetes. These effects may be partially mediated by sympathetic nerve activity: hypoxia increases sympathetic nerve activity (29, 30) , and in the ARIC study, indicators of sympathetic nerve activity (low heart rate variability and high heart rate) independently predict incident diabetes (31) . However, the mild decrements lung function, as noted in the current analyses, are not likely to be associated with significant hypoxemia, thus making it a less plausible intermediate in the putative causal pathway linking low FVC with incident type 2 diabetes. Moreover, several lines of conflicting evidence suggest that hypoxemia may have no harmful effects in insulin sensitivity (32) (33) (34) (35) (36) .
Another possible explanation is that lower vital capacity and risk of diabetes are both partially determined by adverse fetal or early-life conditions via effects on organogenesis and metabolic pathway programming, which, through longstanding altered gene expression, would favor resistance to insulin action. Prior studies suggest that low birth weight is associated in adults with reduced lung function (10) , reduced ␤-cell function (37), insulin resistance (38), and an increased incidence of type 2 diabetes (39). Moreover, in adults, shorter leg length, an indicator of adverse environmental influences on prepubertal development, is associated with lower FVC and FEV 1 (40) and with impaired glucose tolerance (41). Under this hypothesis, lower vital capacity might either represent a marker of underdevelopment without a direct role in diabetes pathophysiology or might be a mediator of the adverse metabolic effects of underdevelopment. Indeed, we found that low FVC (% predicted) was associated with low birth weight. However, the relation of FVC (% predicted) to incident diabetes was largely independent of low birth weight, which suggests a distinct pathway from low FVC to diabetes risk.
A third possible explanation involves some relationship of low vital capacity to emerging inflammatory precursors of insulin resistance and diabetes (7). Nuclear factor interleukin-6, early growth response-1, and hypoxia-inducible factor-1 mediate inflammatory responses to chronic hypoxia in macrophages, pulmonary vascular endothelium, and smooth muscle (8) . Cigarette smoking, recently established as an independent predictor of type 2 diabetes (42,43), provokes an inflammatory response (44) and is inversely associated with vital capacity. However, in our study, the link between lower vital capacity and diabetes risk was completely independent of cigarette exposure and was stronger in neversmokers. Furthermore, reduced vital capacity is a common residual effect of lower respiratory tract infections, including those in childhood and infancy (10) , that might provoke an inflammatory response. In any case, our subsidiary analyses of white cell count or plasma fibrinogen suggested little or no explanatory role for these two general markers of inflammation, although we lacked sufficient data on other more specific markers to exclude a role for inflammation conclusively.
Finally, decreased muscle strength might be the link between impaired lung function and hyperinsulinemia (3) . Ventilatory function is partially determined by respiratory muscle strength; low level of skeletal muscle strength (as indicated by hand-grip strength) predicted higher levels of fasting insulin in the Normative Aging Study (45). However, no data on muscle strength were available in the ARIC study to test this hypothesis.
Strengths of this study include a community-based sampling method, standardized spirometric techniques, extensive data on potential confounders, and a large sample size that increased precision and permitted multiple statistical adjustments. The study's main limitation was lack of data on insulin sensitivity, oxygen saturation, visceral fat, and specific inflammatory markers, which precluded more detailed investigation of causal pathways. Selfreported birth weight data may also be subject to recall bias and misclassification. Finally, we could not establish temporal sequence for the cross-sectional relationship between insulin resistance and reduced lung function that we observed at baseline.
The main implication of our study is that lower vital capacity of the lung deserves attention as an emerging, novel risk factor for type 2 diabetes. Even if it turns out not to lie within a causal pathway to diabetes, FVC might still be a useful risk predictor, and the FVC-diabetes link could suggest explanations for other phenomena, like the elevated risk of heart disease associated with low vital capacity. On the other hand, if vital capacity does indeed lie in a casual pathway, then pathophysiologic derangements associated with lower FVC, like hypoxemia and lung-related inflammation, might represent novel targets for interventions aimed at the primary prevention of type 2 diabetes. 
